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SUMMARY 



This thesis presents a macroscopic study of the effect 
of orifice diameter, fuel rate, air velocity and typ© of in- 
jection on the characteristics of a spray of fuel oil atomized 
by a high velocity air stream. The qualitative results were ob- 
tained from a close examination of photographs taken both by 
normal exposure technique and by use of the Edgerton high speed 
spark-lighting technique. The sprays investigated were those 
of U. S. Navy Diesel oil injected into an air stream in three 
ways: (a) Parallel to and in the direction of air stream flow; 

(b) perpendicular to the direction of air stream flow; and (c) 
parallel to and counter to the direction of air stream flow. 

The results show that normal photographic procedure with 
time exposure to portray a spray envelope is of little value 
in studying atomization characteristics and, in fact, leaves 
erroneous impressions. Spark photography, on the other hand, 
gives excellent qualitative information and has possibilities 
for some quantitative development* 

It was found that: 

(a) For increasing orifice diameter, drop size 

and uniformity were not materially affected, dispersion 
increased. 

(b) For increasing air velocity, drop size and 
dispersion decreased and uniformity increased. 

(c) For Increased fuel rate, uniformity and dis- 
persion decreased and drop size increased at low air 
velocities andwas not affected materially at high 



velocities 
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(d) For type of injection, spray characteristics 
were not materially affected. 

Perpendicular and upstream injection offer serious dis- 
advantages in the way of fuel nozzle distortion of the air 
stream. From all considerations, downstream injection from 
large orifices affords the best atomization. This is fortunate 
for in application to modern high rate combustion chambers, it 
means maximum flexibility with moderate pump size. 
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INTRODUCTION 

With recent Increased interest in, and development of, 
high rate combustion chambers, studies of the atomization 
of liquid fuels by a high velocity air stream have assumed 
new importance. Jet, and turbo-jet engines, and gas tur- 
bines have available a high velocity air stream as an in- 
herent part of the design which is most efficiently used as 
a fuel atomizing force. At present, insufficient knowledge 
of the variables and controlling factors of air atomization 
prevents a wholly scientific attack on the design problem 
with the consequent result that much of the combustion plan- 
ning is done on a trial and error, or rule of thumb, basis. 

Fuels are atomized mechanically by "solid injection", 
or by a gas stream. In the former, the liquid is atomized 
by forcing it under high pressure through a small orifice 
of special design into a stagnant gas. In the latter, the 
liquid is atomized by the shearing action of a high velocity 
gas stream on the surface of the liquid column as it Is 
pumped from an orifice under just sufficient pressure to 
give the desired fuel rate. 

Until quite recently, air atomization has always given 
way to pressure atomization in the combustion of fuel oils 
because of the high efficiency of pressure systems, the rela- 
tively simple problem of putting fuel under pressure and 
preheating it, and the unnecessarily complicated design 
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problem of oompresaing large euuntities of air and control- 
ling the velocities required for proper atomization. How- 
ever, the demand of modern power systems for compactness, 
lightness, simplicity, dependability, and most important, 
extreme flexibility, has shifted attention to atomization 
by an air stream. As the range of fuel rates increases in 
a pressure atomization system, the pressure required (and, 
consequently, the size and weight of pump) increases in far 
greater proportion - the fuel rate being proportional to the 
square of tho fuel oil pressure. 

Because of the tremendous scope of the field and the 
pressing need for specific information, a great deal of the 
research work on tho subject of atomization pertains to 
connorciul arrangements tested under fixed conditions. Also, 
because the characteristics of a liquid spray are so diffi- 
cult to measure experimentally with ao curacy, most of the 
work is of a qualitative nature. The meager quantitative 
data available to date is empirical in nature and investi- 
gators are generally in poor agreement. Some theoretical 
considerations have been made, but these, too, are meager. 

In the literature, information is extremely sparse on 
the effect of orifice diameter on the spray characteristics 
of an atomized liquid. Longwell (11) has shown that drop 
size increases with increasing orifice diameter and decreases 
with fuel velocity at the orifice, the velocity being a func- 
tion of the pressure, but this applies only to solid injection 
using «wirl-type nozzles. It is reasoned that penetration 
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increases with decreasing orifice diameter, but even quali- 
tative substantiation is lacking. It is known that orifice 
geometry is the most controlling factor for dispersion and 
spray intensity, but there is no information as to how ori- 
fice size affects them. It is felt, then, that an investi- 
gation of even a qualitative nature could add much to the 
knowledge of atomization in general, and to air atomization 
of liquid fuels in particular. 

With this in mind, this thesis is concerned with study- 
ing the effoct of orifice diameter on the characteristics 
of a spray of diesel oil formed by air atomization under 
varying and controlled conditions of air and fuel rate. For 
this purpose, a series of nozzles were photographed by the 
Edgerton Spark technique and, where feasible, by time ex- 
posure on the spray envelope at eaoh of six conditions of 
fuel and air rate, and the results macroscopioally compared. 
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Description of apparatus 

The apparatus used was originally designed and con- 
structed by Geoffrey Kobillarfi (14), later modified by Robert 
Maxwell of the M.I.T. Combustion Research Laboratory, and 
finally modified for this thesis by the authors. It is de- 
signed to take high speed photographs of a liquid spray. A 
schematic arrangement of the apparatus is shown in Figure I. 
Figure II shows all the actual apparatus, with the exception 
of the air compressor, while Figure III is a close-up of the 
chamber. 

The focus of the investigation is on a diesel oil spray 
contained in a glass chamber, and for obtaining and photo- 
graphing this spray, three systems are necessary: the air 
system, the fuel system, and the photographic system. 

The Air System : Air from a 100 psi, 533 cfn Allis 

Chalmers "RoTwin" gear type compressor flows through a two- 
inch pipe past a one-inch orifice for measuring air rate. 

The air then flows through a diffuser in which is a four-inch 
square section containing three fifty mesh screens in series 
which minimize turbulence and maximize a uniform velocity 
front. The diffuser exit is reduced through a nozzle to a 
one square inch cross section. The nozzle outlet is directly 
connected to the spray chamber. This chamber consists of two 
one-quarter inch thick optical flats and two one-quarter inch 
thick milled steel plates. These plates and flats form a 
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squttro duct one inch on a side, inside distension, end six 
inches in length, two opposing walls of which are perfectly 
transparent. The outlet of the spray chamber is connected 
to a two-inch exhaust line. 

The spray chamber walls, when secured by thumb screws 
into aluminum blocks at each end, fora a rigidly intact unit 
which slides into brass guide blocks secured to the nozzle 
exit and exhaust duct. The chamber is then secured in place 
by raising the lower guide block by means of a threaded 
collar. 

Air tcmpcruture is measured at a thermometer well pre- 
ceding the diffuser. Static pressure in the section between 
diffuser and nozzle is neusured by manometer and calibrated 
against chamber pressure, as described in Appendix K. Static 
pressure downstream of the metering orifice and differential 
pressure across the orifice are measured by manometer. 

A by-pass line from a point preceding the metering ori- 
fice to the exhaust duct contains a stop valve by means of 
which air rate is controlled. Air velocities from 125 to 
830 feet per second can be attained in the chamber. 

The Fuel System : fuel is supplied from a five gallon 

reservoir by a ’’Gerator*' gear pump capable of 150 psi and 
equipped with internal by-passes. The fuel is metered through 
a 0.025-inch orifice in half-inch brass tubing und measured 
by a fuel-over-mercury manometer independently calibrated, as 
described in Appendix E. 
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The fuel is introduced into the chamber through u 
truss adapter which holds the nozzle under investigation. 

One end of the adapter accommodates the fuel line; the 
other end screws into a tapped hole In one of the metal 
walls of the chamber, as indicated in Figure IV. The 
adapter is held securely in place by means of two lock 
washers and a nut. 

Tiie two sets of five nozzles, ranging in inside 
diameter from 0.023 to 0.105 inches, are Stainless steel 
tubing of the type used for hypodermic needles. The word 
nozzle is used only for convenience, and carries no im- 
plications of having converging or divei’ging sections, as 
no attempt was made to alter the character of flow at the 
discharge end of the fuel line other than that dictated by 
the differences in inside diameter. Each nozzle was silver 
soldered into the udapter, bent, ground and polished, as de- 
scribed in Appendix D. 

Fuel rate is controlled by a globe valve preceding the 
metering orifice. 

The Photographic System ; Photographs are taken with a 
Voightlandor 9 x 12 cm. film, f 4.5 pack camera equipped with 
a 7.5 cm. focal length lens and double extension bellows. 

The lighting and camera arrangement is shown in Figure III. 
Light is provided by discharging across a one-half inch stain- 
less steel spark gap a 0.01 miorofarad condenser charged to 
15,000 volts by a simple half-wave rectifier using 60 cycle 
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LKGL3D i'Q. FIGUHhS II AND III 



A. Air orifice meter. 

B. Power pack. 

C. Thermometer well. 

D. Air by-pass valve. 

E. Fuel control valve. 

F. Fuel orifice meter. 

Q. Air trap. 

H. Fuel pump by-pass valve and pressure ^age. 

I . Fuel pump . 

J. Fuel Reservoir. 

K. Diffuser. 

L. Air rate manometer. 

M. Fuel rate manometer. 

N. Diffuser and Orifice Static pressure manometer. 

O. Optical Bench and adjusting jacks. 

P. Exit Duct. 

Q. Variac. 

R. Air Control valve. 

S . Chamber . 

T. Spark Gap. 

D. Condenser. 

V. Condensing lenses. 

W. Mirror. 

X. Fuel adapter and nozzle. 

Y. Light-proof cloth. 

Z. Camera. 
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115 volt building power. This spark technique and the power 
pack design is fully described In (14)* Previous measure- 
ments have shown the spark duration to be less than 0.25 x 

-7 

10 seconds. 

The light from the spark is directed by two five-inch 
condensing lenses and a 3 x 6 inch mirror into the camera 
through the chamber so that the spray is photographed in 
semi-silhouette. The light is diffused and centered by 
manipulation of the lenses. 

The camera, spark gap, mirror and lenses are supported 
on a 24 x 24 inch bench with telescoping legs, which can be 
adjusted vertically by means of two screw-type jacks so 
that any part of the chamber nay be photographed. The base 
is bolted rigidly to the floor. 

A light-proof oloth cloaks the chamber, nearest condens- 
ing lens, and the camera lens so that the camera shutter may 
be opened, the condenser discharged, and the shutter closed, 
eliminating the necessity for spark-shutter synchronisation. 

Kxperimental Procedure 

The oil spray was obtained with three types of fuel in- 
jection: downstream flow, perpendicular flow and. unstream 
flow. 

For downstream flow, the bent nozzle to bo studied was 
secured in a tapped hole near the top of one metal wall, 
the chamber assembled and installed. The alignment of the 
nozzle in the plane of the adapter was checked when the nozzle 
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and adapter wei*o Retd® ( sea Aprjendix D) . The alignment in 
the line of sight of the caxaora was checked by opening a 
plugged hole in the opposite metul vmll that was closest 
to the nozzle tip. 

For perpendicular flow, disassembly of the chamber was 
not necessary and the nozzles could be inserted by merely 
screwing them into a tapped hole near the top until the for- 
ward face of the adaptor was flush v/ith the milled inner 
surface of the wail. 

For upstream flow, the procedure was the same as for 
downstream flow except that the metal wall was reversed, 
top-to-botton, with the nozzle pointing up into the chamber. 

For each type of flow, and for each nozzle run at a 
specified condition of air and fuel rate, the procedure was 
as follows: 

1. Camera and lenses were aligned and the bench 
was adjusted to proper height. 

2. The air compressor was started and allowed to 
build up pressure until stable conditions 
existed in the surge tank with the by-pass open. 

3. The fuel pump was started and pressure adjusted 
by internal by-pass to 90 psi. 

4. The desired air rate was set by adjusting the 
by-pass. 

5* The desired fuel rate was set by adjusting 
the fuel valve. 

6. The light-proof cloth was adjusted around the 
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. The shutter was opened, condenser discharged, 
and shutter closed. 

8. All nanometers were read. 

Each nozzle was photographed at a high and a low fuel 
rate and at a low, interned late, and high air rate for each 
fuel rate. 

Fow downstream flow, the spray envelope was photographed 
at each condition with reflected light from. two Super Flood 
lanps j^laced 18 inches behind the camera lens and at the 
maximum angle permitted by the chamber walls. Hie exposure 
tine was 2-4 seconds at f3.5» 
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RESULTS 



Iho results are presented as a series of plates, figures 
V through XXXITI, portraying the spray by two independent 
photographic techniques. The instantaneous pictures were taken 
by means of the spark-lighting apparatus while the spray en- 
velopes shown were obtained by time exposure with reflected 
light. 

Bach figure represents the full series of nozzles, in- 
creasing in size from left to right, at one condition of air 
rate and fuel rate, and for one type of injection. The number 
beneath each picture refers to the experimental run listed in 
Append-ix F. The plates are arranged as to type of injection 
and for each type, they are arranged in order of increasing 
air rate, and at each air rate, two plates are arranged in 
order of increasing fuel rate, pictures of the spray envelope 
were obtained for downstream flow only because of the generally 
poor character of the spray for the ether types of injection 
which would make time exposures of little constructive value. 

For each individual photograph, a knowledge of what is 
shown is necessary to permit correct analysis. The magnifi- 
cation is approximately 2.8. The actual magnification can be 
obtained by measuring the nozzle tip in the photograph and com- 
paring it with the actual diameter for that nozzle given in the 
appendix. The depth of focus is about 1.5 mm. and the center 
of focus la on the diameter of the fuel orifice or axis of the 
spray. The negatives were cut down for mounting but no vital 
information was lost since the nozzle tip was in the center of 
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the chamber in all cases and the chamber walls may ho recon- 
structed knowing the magnification. In some photos, the chamber 
wall shows a 3 a black strip to the right or left and was indi- 
cated where impingement was present. The nozzle tip is shown in 
the prints on the top for down stream, from the left for per- 
pendicular injection and from below for upstream injection. 
Out-of-focus imperfections are unavoidable, particularly at 
low air velocities due to fuel impingement on the optical flats. 

Fuel rates of 1.08 and 3.34 grams per second and air rates 
of 40, 80, and 180 grams per second were chosen bearing in mind 
that the change in air rate is logarithmic in character and that 
the intermediate range might be expected to prove of greatest 
interest. The metric system was used here to keep numbers large 
enough to handle, and weight rates were used because the metering 
was more feasible in terms of weight. 
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DlL>CUv>SIOI< OF RESULTS 

There is a question as to the value of the photographs 
regarding their reproducibility. In all, 228 runs were cade, 
mostly all ooncerned with downstream flow, and the best 
negative chosen for each condition. For the instantaneous 
pictures, no narked misrepresentation was noted in any case. 
However, to substantiate their value further, three pictures 
were taken in rapid succession for each nozzle at an air and 
fuel rate known to give acceptable atomization. Two of the 
three taken are shown in Figures XVII, XVIII, XIX, XX and XXI. 
They may be compared with the third, which was inserted in its 
proper place in the series, Figure X. The Spray Envelopes, 
however, are not so easily validated. The density of the nega- 
tive is a function of the density and reflectability of the 
spray itself. At the spray cone edges, where drops are small 
and density is light, definition is not good in the negative 
and it is bettered in developing only at the expense of losing 
some of the edge and thus not exactly portraying the true cone. 
In printing negatives of varying density simultaneously, the 
loss of definition is constant, but the ones of lighter density 
suffer more in order to bring out the heavier ones. This is 
moat readily illustrated in the pictures at low air velocities 
where spray density was quite light. 

Two important features of the instantaneous photographs 
must be noted in order to understand what is actually recorded. 
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First, because the picture was not truly taken ’’instantane- 
ously”, though the exposure time is very small, there will be 
a greater ratio of large drops to small drops than aotually 
exists, due to the fact that the smallest drops are accelerated 
faster and cannot be ’’stopped’’. Secondly, the exposure tine 
limits the size of drop that can be ’’stopped”. In order for 
a drop to be "stopped", it must not travel its own diameter 
during the time of exposure. Knowing the time of exposure to 
be less than 0.025 microseconds, it may be calculated that the 
spark will "stop" drops of size greater than 5 microns for an 
air velocity of 660 feet per second and 2 microns for an air 
velocity of 275 feet psr second, and probably "stops” even 
smaller ones. 

The nature of the equipment limits the accuracy with which 
conditions may be reproduced. Consequently, a representative 
value of fuel rate and air velocity was chosen for labelling 
each figure. This is an acceptable procedure for a qualitative 
investigation. The actual data and calculations for each run 
are given in Appendix F for reference. 

Eastman Plus X Fine Grain film packs were used throughout, 
with an aperture of f 3.5. Negatives through Run 80 were de- 
veloped in Eastman Microdol Developer, over-developed 100$> to 
give maximum contrast and good grain for future enlargement. 

It was then realised that a more compact presentation of re- 
sults would be desirable, obviating the use of enlargements, so 
all subsequent negatives were given normal development in 
Eastman D-ll Developer. It v;as also physically Impossible to 
duplicate exactly the light intensity on the film when the lens 
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arrangement was disturbed. For these reasons, the density of 
the instantaneous pictures was not constant in all negutives 
leading to non-uniform results in printing. Insufficient 
time prevented using a more suitable but more tedious tech- 
nique of printing each negative to best results, stripping 
the prints in a plate and rephotographing the plate. 

The following exceptions from standard conditions are 
noted: 

1* Fig. VI - Hun 79 - Nozzle tip just out of picture. 

2. Fig. XXIII - Hun 144 - Fuel rate 2.50 gms/sec. to 
prevent impingement. 

3. Fig. XXV - Run 149 - Fuel rate 3*05 gms/sec. to 
prevent impingement. 

4. Fig. XXIX - Run 91 - Tip of spray 4.00 inches 
above nozzle tip. 

5. Fig. XXIX - Run 99 - Tip of spray 3.64 inches 
above nozzle tip. 

It i3 apparent from a comparison of the Spray Envelope 
pictures with the instantaneous pictures, that the tine ex- 
posure technique is incapable of telling the true story of 
atomization. In many instances, the time exposures give an 
illusion of a good mist foimation, but the instantaneous pic- 
tures show incomplete atomization, often with fuel mass con- 
centrations. This is easily explained by the fact that the 
negative receives many traces during exposure instead of re- 
cording a physical mass position. When the fuel becomes well 
atomized, the dispersion of drops oauses a diffusion of the 
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light with the result that u fading ic evident in pictures 
where atomization is fine and drops are well dispersed. 

This fading effect is snail in comparison with the differ- 
ences encountered in developing and printing, and, in fact, 
is largely dependent on then. Al3o, this fading effect is 
not uniform with increasing air or fuel rate because the film 
cannot differentiate between a concentration of snail drop- 
lets and a solid mass concentration during long exposure. 
Another feature of the tine exposure is that it represents 
the summation of positions occupied by the spray during the 
exposure with the consequence that spray fluctuations cause a 
false impression of spray volume and cone angle on the nega- 
tive. It must be concluded that photographing the spray en- 
velope with time exposure does not offer a picture valid enough 
for even the roughest qualitative unalysis of the spray charac- 
teristics. 

On the other hand, the instantaneous photographs lend 
themselves well to detailed analysis provided the air stream 
has not been disturbed sufficiently to disrupt formation of a 
good spray cone. An inspection of the figures indicates that 
Downstream flow lends itself best to analysis because of least 
interference from the nozzle. Only three spray characteristics 
can be studied with any degree of certainty: Drop Size, Dis- 

persion, and Uniformity. 

DROP SIZE : For velocities sufficient to produce accept- 

able atomization, no effect can be noted for increasing fuel 
rate or increasing orifice diameter at one air rate, and for 
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one typo of flow* At 1o * uir velocities, the velocity of the 
fuel is a greater percentage of the air velocity than at high, 
with the consequence that the change in fuel velocity imposed 
by change of orifice diameter or increase of fuel rate has a 
more noticeable effoct on the relative volooity of fuel to 
air, and a deoreaae in drop size is observed for increased 
nozzle size and decreased fuel rate. At high air velocities, 
the change in relative fuel to air velocity with change In 
fuel rate and nozzle size is so small that the effoct on drop 
size is not noticeable. For one fuel rate and one nozzle size, 
increased air velocity has a marked effect on the decrease in 
drop size. As the type of infection is shifted from downstream, 
through perpendicular to upstream, the relative velocity of 
fuel to air becomes greater, other variables constant, with the 
result that drop size decreases. The effect is more noticeable 
with large nozzles than with small, which leads to the conclu- 
sion that the influence of type of injection on drop size as 
photographed is exaggerated by the fact that there is more physi- 
cal interference from the large nozzle, causing more fuel to be 
pulled out of the spray along the nozzle. This amounts to an 
appreciable decrease in fuel being atomized. 

DISPERSION: Dispersion decreases with an increase in air 

velocity for all types of injection, due to increased stability 
and Increased resistance to distortion of streamlinesas air 
velocity increases. It decreases with increased fuel rate for 
downstream flow, probably because of the greater stability 
of a more rapidly moving liquid column at the some air velocity. 
For perpendicular injection, the dispersion increases because 
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the increase in fuel velocity, with increase in fuel rate 
and decrease in orifice size, serves only to shoot the fuel 
column farther across the air stream, affording more area 
upon which the air oan work. For upstream injection, the 
increased fuel velocity shoots the fuel column farther up- 
stream. The farther the fuel column goes, the more it loses 
its stability and becomes dispersed, thus presenting a 
greater area of impact to the onrushing air. 

Increasing nozzle size increases dispersion for all types 
of injection, though the effect is not well illustrated for 
perpendicular injection. As nozzle size increases, the peri- 
meter of the fuel column increases, providing more surface on 
which the air may act. For upstream injection, larger nozzles 
provide a greater area of impact to the velocity front. 

UNIFOIMITY : In atomization, the limit of drop size is 

one infinitely small, and this is approached asymptotically, 
with the force reeuired to obtain it increasing in a like 
manner, i.e., an infinite shearing force being required to 
give an infinitely small drop size. When the atomizing force 
increases, fewer large drops will occur in relation to the num- 
ber of small. Thus, with a general decrease in mean drop size, 
the decrease is at the expense of large drops being broken up. 
This amounts to saying that the variation of drop size from 
the mean is less with a decrease in mean drop size, and this 
variation is the definition of uniformity. This reasoning is 
confirmed by the photographs. Increased air rate gives better 
uniformity for all types of injection. Increased fuel rate 
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decreases the uniformity. The effect of nozzle size is not 
narked except in upstream flow where the same illusion occurs 
aa explained in the discussion of drop 3ize regarding the 
amount of fuel drawn out of the column by the larger nozzle. 

In line with these observations, an attempt v/us made to 
apply the formulation of Nuklyama and Tanisawa (15) In order 
to predict the effect of the variables on Mean Drop Size. 
These investigators tested a small nozzle, using liquid fuels 
injected into the throat of a venturi atomizer with air as 
the atomizing agent. From their tests they determined that: 




where: 



D - Volume- surf ace mean diameter in microns. 

\f z Relative velocity of air to liquid - meters/second. 
Q- = Surface tension of liquid - dynes/cm. 

^ > z Density of liquid - grams/oc. 

- Viscosity of liquid - dynes-sec. /sq.cm. 

Of z Volume rate of liquid - cc./sec. 

= Volume rate of air - cc./sec. 

They found no effect on drop size from changing the size 
of venturi, within small limits. Lewis and Edwards (17) have 
also shown that the equation gives good results for venturis 
of any size. In particular, they tested perpendicular injec- 
tion from a small nozzle Into the throat of a relatively large 
venturi. This constitutes point injection Into a reasonably 
uniform air stream, and they found that equation (1) still held. 
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Table I includes the calculations for sufficient pertinent 
runs to provide a basis for correlation. 

The conclusions drawn from this analysis generally agree 
with those observed in the photographs. The variables inves- 
tigated in this thesis affect the formula in the following 
ways: (a) Increase of nozzle size decreases the fuel velocity, 

thus affecting the relative velocity V; (b) Increased fuel 
rate increases the fuel velocity, thus affecting relative 
velocity, and increasing Qf; (c) Increased air rate increases 
the relative velocity V and increases Qa; (d) Type of injec- 
tion affects relative velocity V - fuel and air velocities 
being subtracted for downstream, added for upstream, and fuel 
velocity being neglected for perpendicular injection. The 
general observation first made is thut the change in mean 
drop size due to nozzle size, fuel rate and type of injection 
at air velocities sufficient to give acceptable atomization 
is of the same order of magnitude as the experimental error 
involved in this thesis. The predicted effect on mean drop 
size from equation (1) is most notable at low air velocity 
for nozzle size and fuel rate, and most apparent for type of 
injection at high fuel rates, as previously explained. The 
change in drop diameter at higher air velocities is sufficiently 
small, with all the studied variables except air velooity it- 
self, to escape detection by macroscopic examination of the 
photographs. The variables are all significant at low air 
velocities, but this does not contribute much to the knowledge 
of atomization as regards its application to the proper com- 
bustion of fuels, since atomization is not acceptable. The 
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correlation does show that the formula is correct as to 
general trend, but its validity has been more comprehensively 
established by other investigators. 

The photographs afford a good comparison of the types 
of injection and the advantages and disadvantages offered 
by each. The effects of each on the spray characteristics 
have been previously explained. \ consideration of other 
features is also feasible. It is seen that otreaialining 
that portion of the nozzle that extends into the air stream 
is desirable for downstream flow, and a definite necessity 
for the other types. The flow might be expected to be more 
asymmetrical for downstream injection than is indicated by 
the photographs, and probably would be in a less restricted 
gas duct where streamlines would have more freedom to dis- 
tort laterally. Nozzle size in the range tested does not 
seem to be an important factor with downstream flow, but it 
is quite important with perpendicular and upstream injection. 
For the perpendicular type, the large nozzles form a definite 
low pressure area on the downstream side, although the tapered 
tip did prevent fuel from running back along the nozzle (a con 
dition experienced by Robillard with the blunt tip). In up- 
stream flow, general atomization was very poor because the 
fuel collected on all exposed portions of the nozzle and was 
blown off in large droplets. Also, from the combustion stand- 
point, it does not seem possible that a nozzle would stand up 
well with the flame enveloping it. In summary, perpendicular 
and upstream injection do not offer enough advantage in atomi- 
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zation to counterbalance the inherent disadvantages clue to 
interference of the nozzle. Perpendicular injection does 
offer the easiest Keans of nozzle replacement , howover. 

The instantaneous photographs, particularly those of 
downstream flow, illustrate nicely the mechanism of atomi- 
zation and are in good agreement with the theories expounded 
by Castleman (8), Rayleigh (10), and Haenlein (18), discussed 
in Appendix "B". It is not the purpose of this thesis to 
elaborate on this agreement, but attention should be called 
to certain points pertaining to the effect of nozzle size. 

At the same fuel rate and air rate, atomization starts 
sooner but takes longer for completion with the large nozzle 
than with the small. It starts sooner because of the greater 
relative velocity, and takes longer for completion because of 
the greater stability of a fuel column of greater diameter. 

The fuel column from the small nozzle shatters as soon as it 
starts to atomize. These facts are more evident at the lowest 
air velocity. At high air velocities, the effect is small 
but still noticeable. 

The mechanics of atomization are illustrated by observ- 
ing the principal action of surface tension at Ioyj air veloci- 
ties and the combined action of surface tension and ligament 
formation by shearing action at high air velocities. No evi- 
dence of the action of turbulence in the fuel column can be 
observed beoause the highest Reynolds’ Number encountered was 
220 . 

Other observations made agree with the literature in that 
atomization occurs closer to the orifice with increasing air 
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velocity, and tend to agree with Scheubel and Suuter (1) in 
that ligaments cannot be observed above relative velocities 
of 10,000 - 12,000 ca/sec. It is further noted that atomi- 
zation occurs closer to the orifice, with increasing orifice 
size. 
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CONCLUSIONS 

Fron the observations and discussion it may be con- 
cluded that: 

1. Spark photography affords a good representation 
of the degree of atomization and general spray 
characteristics, and that the results so obtained 
are reproducible. 

2. Correct analysis of the atomization of a fluid 
cannot be made from relatively long exposure pic- 
tures of the spray. 

3. With increasing orifice diameter: 

(a) No appreciable effect is noted on drop size 
at air velocities sufficient to give accept- 
able atomization. At low air velocities, 
drop size decreases. 

(b) Dispersion increases. 

(c) Uniformity not materially affected. 

4. With increased air velocity: 

(a) Drop size decreases. 

(b) Dispersion decreases. 

(c) Uniformity increases. 

5. With increased fuel rate: 

(a) No appreciable effect on drop size at air 
velocities sufficient to give acceptable 
atomization. At low air velocities, drop 
size increases. 
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(b) Dispersion decreases for downstream injec- 
tion, and increases for perpendicular and 
upstream injection. 

(c) Uniformity decreases. 

6. For type of injection: 

(a) Spray characteristics are not materially 
affected. 

(b) Perpendicular and upstreom injection have 
serious nozzle design problems, with large 
nozzles showing the greatest disadvantages. 

7. Within the limits tested, air velocity was the only 
variable that materially affeoted the fineness of 
atomization. 

8. From all considerations ; downstream injection with 
large nozzles offers most to proper and complete 
atomization. 
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RECOMMENDATIONS 

1. An attempt be made with this apparatus to atomize Bunker 
"C" fuel oil under carefully controlled conditions to 
determine the character of atomization and what air 
velocities are necessary for acceptable spray formation. 

2. An investigation into the effect of orifice perimeter/ 
area ratio on atomization might prove of value. 

3. With the ohamber redesigned to permit good side lighting, 
and using a much shorter exposure time and smaller lens 
aperture, it might be possible to correlate quantita- 
tively cone angle with nozzle size and other variables. 

4. The effect of preheat on highly viscous fuels could be 
investigated on this equipment. 

5. Specific nozzle designs could be analyzed with this ap- 
paratus. This is particularly true for attempts to im- 
prove perpendicular injection. 

6. If the apparatus is to be used for further investigation, 

i 

the chamber assembly could be further improved to prevent 
air leaks by assuring positive contact between glass and 
metal walls. This could be done by drilling countersunk 
holes in the glass every inch along its length next to 
both sides and using fine thread screws into tapped holes 
in the metal walls. A stop valve should also be placed 
in the exhaust line before it joins the by-pass to permit 
removal of the chamber without shutting off the air com- 
pressor. Also, a simple but efficient separator should 
be installed on the exhaust lino if heavy liquids are to 
be used. 
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PERPEND I CULAK INJECTION 
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APPENDIX A 



SYMBOLS 

2 

Ac - Chamber area - in. 

2 

Ai - Nozzle area, inside - in. 

3 

df - Density of fuel - O.C3 gns./cm. 

Di - Nozzle diameter, inside - in. 

Do - Nozzle diameter, outside - in. 

a Pa - Differential air pressure - in. hg. 

Pc - Chamber pressure - in. hg., gage. 

Pea - Chamber pressure - psia. 

Pd - Diffuser outlet pressure - in. hg., gage. 

Pf - Fuel pump pressure - psi. 

npf - Differential fuel pressure - in. hg. 

Po - Static pressure downstream of air nozzle - In. hg., 
g*ge. 

Poa - Statio pressure downstream of air nozzle - psia. 

R - Gas constant for air - 53-34 ft. lb. /lb. °Fabs. 

Re - Reynolds’ number. 

o_ 

t a - Air temperature before diffuser - F. 

Ta - Air temperature before diffuser - °Fabs. 

Va - Air velocity in chamber - ft. /sec. 

Vf - Fuel velocity at nozzle tip - ft. /sec. 

Wa - Air weight rate - lb/min. or gras. /sec., as indicated. 
Wf - Fuel weight rate - gns./sec. 
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■itPPEHLLX. 3 

SUPPLK^EI^TiJxY INTPQPUCTIOP 

The atomization of liquids i3 important for many uses, 
such as spraying insecticides and paints, laying military 
snoke screens, and in crying and evaporation operations; but 
perhaps the most Important use is in fuel burning power de- 
vices. In the latuer it is essential that the fuel be finely 
atomized to permit intimate mixing of the fuel with as great 
a surface/volume ratio as possible, and that the fuel be 
mixed as rapidly us possible with the proper amount of air 
for combustion. 

The characteristics most often used to describe a spray 

are: 

1. Prop size - diameter of the individual particles 
in the spray . 

2. Uniformity - deviation of the drop size from the 
mean » 

3. Intensity - weight rate of flow of fluid per 
steradian. 

4. dispersion - Ratio of spray volume to liquid 
volume. 

5. Distribution - Ratio of weight of air to fuel at 
any point In tbe spray. 

6. Penetration - Farthest distance from the orifice 
along the axis of the spray reached by the spray. 
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7. Penetration rate - Velocity of the spray tip 
along its axis. 

8. Cone angle - The total plane angle between the 
sides of the spray cone at its apex. 

The physical variables affecting the spray character- 
istics are liquid nozzle geometry, spray container geometry, 
gas duct geometry, liquid characteristics and gas character- 
istics. Some theoretical considerations have boon made to 
determine the effect of the above variables on the spray, 
but quantitative relations aro lacking for vrant of sufficient 
generalized data. 

The generally accepted theory of atomization is that 
proposed by Castleman (8), who assumes that atomization is 
the sumo for solid injection and air injection systems, de- 
pending only upon the relative velocity of the gas and liquid. 
His ligament theory is that droplets form as a consequence of 
small filaments of liquid being drawn out by the action of 
air on the main stream of the fuel jet. According to an 
earlier investigation by Kayleigh (10), the stability of a 
cylinder of liquid being drawn out and decreasing in diameter 
for any reason whatsoever “decreases us the length of the 
cylinder is increased in comparison to the diameter of the 
cylinder. At the point where the length/dianeter ratio be- 
comes greater than the circumference of the cylinder, a de- 
cided instability is present and the action of surface tension 
is enough to cause the cylinder of liquid tc collapse into 
droplets. At low air velocities drops are formed directly 
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from the jet by surface tension alone, at high velocities 
are formed by the combined action of ligament fornation by 
the air and surface tension, while at high orifice Reynolds* 
numbers drop formation is further augmented by the turbu- 
lence of the liquid 3tream. 

Haenlein (18) found that drop formation occurs by four 
separate mechanisms. At low relative velocity of liquid and 
air, the air does not appreciably affect the jet. Here the 

major factor in drop formation is the liquid surface ten- 

sion, under the influence of which, rotationally symmetrical 
disturbances are set up in the column which increase until 
drops are formed. As air velocity Increases, the amplitude 
of the disturbance increases, due to the high air velocity 
in the peaks and the low air velocity in the troughs of the 

liquid column. Vfhen the velocity is further increased, the 

initial disturbances become one-sided due to the augmented 
influence of the air on the column. The surface tension in 
this case retards vmve formation since it tends to return 
the liquid column to its original form. At this point, the 
Castleman effect can be seen in liquids of low viscosity. 
Filaments are torn from the main stream and smull drops are 
formed. With still further Increase of velocity, filaments 
are formed closer and closer to the nozzle until all that 
can be seen is a cloud of droplets issuing directly from the 
orifice. 
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Tile generally accepted theory of atomization, then, 
is that at low air velocities drops are formed directly from 
the jet by surface tension alone; at high air velocities 
drops are formed by the combined action of ligament forma- 
tion by the air and of surface tension; while at high orifice 
Reynolds* numbers drop formation is further augmented by the 
turbulence of the liquid stream. 
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AppEiinx c 

E'JTIPMEKT FATA 

Compressor: 

"Ro-Twin" - Allis Chalmers Manufacturing Co., 
Milwaukee, Wisconsin. 

I?©lit r cry - 533 cubic feet pel* minute at 100 psi 
gage. 

Lpeed - 700 ETK 

Compressor Motor: 

General Electric Induction Type. 

220 v., 60 cycle, 3 phase, 180 amp., 75 H.P. 

860 m: 

I uel Pump: 

"Gera tor*' gear type. 

Fuel Pump no tor: 

General Electric fplit. Phase Resistance 
i H.P. , 110 v., oC cycle, 7.5 amp. , 1725 KBi. 

Camera : 



"Yoig 


htiander” 


f 4.5, 


9 x 12 cm. film pack. 


Lens: 


Virgin , 


f 3.5, 


7.5 cm. focal length. 


Film: 


Eastman 


"Pius- 


Jtk v 



Spark Fowor Pack: 

Rectifier Transformer: hole Gas Tube Trans- 

former, 115 volt input, 15,000 volt output, 
825 v.e., 60 na. 

Filament Trans former: "TLordarsen itultivolt" 
Electric Manufacturing Company, Chicago. 
Type 1-11F61, 63 watt. 

.01 mf cl . 



Condenser: 
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Rectifier Tube: Ruytheon RKR-7Z. 

Resistances: 5 megohm in each lead to condenser. 

Spark Gap: stainless steel rods with gap. 
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iiPPBNLIX D 
NOZZLE DATA 

Each nozzle consists of a polished stainless steel tube 
tapered at the end and silver soldered to speoial brass 
adapters whiob screw into one of the metal walls, being held 
there by a nut and two lock washers, as shown in Figure IV. 

The other end of the adapters connects to a one-half inch 
brass fuel line. The nozzles were aligned in the adapters 
so that when the end of the adapter was flush with the metal 
wall, the nozzle tip was in the center of the chamber cross- 
section, and in the case of the bent nozzles, the bent portion 
was also aligned vertically, parallel to the chamber walls. 

The nozzle tips were tapered to give a minimum inter- 
ference between the air and fuel streams at the tip duo to 
wall thickness. The taper was gradual, starting approxi- 
mately one-half inch from the end, and the maximum taper of 
any one nozzle did not exceed lg degrees, thereby assuring 
almost uni-directional flow of air along the nozzle at the 
taper. 

No attempt, other than polishing, v/as made to streamline 
that part of the nozzles which lay across the air stream. In 
the case of the five nozzles bent for upstream and downstream 
injection, that portion of the nozzle which lay along the air 
stream was made sufficiently long to allow the disturbed air, 
caused by the cross-stream part of the nozzle, to regain its 
uni-directional flow once again before reaching the tip. 
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Each tip v/as measured on a metallograph at a nagnifica- 
tion of 10.3 to 1. The outside diameters before the toper 
were measured with a micrometer. 



Diameter Diameter Wall Diameter 

Outside Inside Thickness Outside 

n+“. n of of n V\ek*f*rvr»n i-ci w 



Nozzle 


Gage 


at Tip 


at Tip 


at Tip 


before taper 


1 Bent 


10 


0.1080” 


0.1050” 


0.0015” 


0.1330” 


1 Perp. 


10 


0.1100 


0.1020 


0.0040 


0.1280 


2 Bent 


12 


0.0910 


0.0845 


0.0033 


0.1070 


2 Ferp. 


12 


0.0950 


0.0860 


0.0045 


0.1030 


3 Bent 


15 


0.0610 


0.0550 


0.0030 


0.0710 


3 Perp. 


15 


0.0650 


0.0550 


0.0050 


0.0710 


4 Bent 


18 


0.0400 


0.0340 


0.0030 


0.0470 


4 Perp. 


18 


0.0380 


0.0350 


0.0015 


0.0460 


5 Bent 


20 


0.0320 


0.0230 


0.0045 


0.0340 


5 Perp. 


20 


0.0320 


0.0230 


0.0045 


0.0340 




PROPERTIES OF U. 


S. NAVY 


DIESEL OIL 





Flash point, closed cup, min 150 °F 

Pour point 0 °F 

Cloud point 10 °F 

Viscosity, Say bolt Seoonds Universal 40 

Water and sediment, max trace 

Total sulphur, max 1.00# 

Carbon residue, on 10$ bottoms, max 0.20$ 

Ash, max 0.01$ 

Corrosion at 212°F, copper strips Passable 

90$ distillation temperature, max 675 °F 

Color, max 5 

Ignition quality, nin. Centane number 50 

Density, gms./cxa.^ O.83 

Surface tension, dynes/cm 25. 0 
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aPPKHDIX & 

C.vLI BRATXON OF MAMOHLTERS 

Fuel ^anoaoter 

The fuel mass rate was measured with a fuel over uer- 
oury manometer across a .025 sharp edged orifice in standard 
half-inch brass tubing. Differential pressui*© in inches of 
hg. across the orifice was plotted against fuel rate in grams 
per second. The data for this curve, Figure XXXIV, was ob- 
tained by weighing the fuel accumulated in a tared beaker 
in a given amount of time. 



Measured Wt . 
Grans 


Tine of Run 
Seconds 


Manometer 
In. of Hr. 


Fuel Rate 
Gras. /Sec . 


93-90 


181.1 


.98 


.518 


179-22 


170.2 


3.84 


1.052 


HO . 68 


90.4 


7.74 


1.557 


137.00 


68.4 


11.87 


2.002 


163.20 


71.0 


13.75 


2.30 


186.25 


71.2 


20.11 


2.620 


181.00 


63.0 


24.21 


2.870 


177.85 


36.7 


30.52 


3-245 


184.50 


52.0 


35.67 


3.545 


Air Mass Rate 









The air rate was measured by a standard one-inch sharp- 
edged orifice. Mass rat© calibrations were made for this 
orifice for air by I)r. R. 8. Bevans of the M.I.T. Staff, and 
Figure XXXV shows curves taken from his data. Differential 
pressure across the orifice was measured in inches of mercury 
with an air over mercury manometer. The static pressure down- 
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stream from the orifioe was measured with an open end mer- 
cury manometer in inches. The air temperature was measured 
at the entrance to the diffuser and the correction to the 
mass rate made as indicated on the figure. 



Chamber Pressure 

Because the chamber had to be removed frequently in 
order to change nozzles and clean the transparent walla, it 
was deemed impractical to install a permanent static pres- 
sure tap in the chamber for measuring chamber pressure. 
Instead, calibration curves (Figure XXXVI) were constructed 
between a permanent pressure tap in the 4” x 4" section at 
the outlet from the air diffuser and a temporary pressure 
tap replacing the fuel nozzle in the 3 pray chamber. Two 
calibration ourves were necessary for determining chamber 
pressure because the chamber exhaust piping was lengthened 
starting with Run 121, thereby influencing both the chamber 
pressure and the diffuser outlet pressure. 



Original Chamber Exhaust Piping 
Diffuser pressure (In. Hg.) Chamber pressure (In.Hg.) 



10.1 


9.8 


10.9 


10.0 


11.7 


10.0 


12.4 
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13.0 


9.8 


13.7 


9.6 


14.5 


9.3 


15.4 


9.1 


16.3 


8.9 


17.8 
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18.5 


8.3 


19.8 


8.0 


23.0 


7.8 
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Modified Chamber Exhaust Piping 
Diffuser pressure (In.Hg.) Chamber pressure (In.Hg.) 



7.4 


7.0 


8.1 


7.2 


9.0 


7.3 


9.8 


7.3 


10.5 


7.3 


11.3 


7.2 


12.3 


7.1 


13.0 


6.9 


14.2 


6.6 


15.4 


6.4 


16.8 


6.1 


19.4 


5.8 


22.8 


5.9 



Spark Timing 

An attempt was made by Robillard to measure the duration 
of the spark and, consequently, the exposure time for the "in- 
stantaneous” photographs of the spray. He indicates that the 
exposure time is less than, 25 x 10 ”^ seconds. Ho further at- 
tempt at physical measurement of the spark time was made by 
the authors, since it was felt that more accurate information 
than that given was not vital to a qualitative investigation. 
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Fto-URE XXXV 

calibration curve Foil ONE INCH AIR ORIFICE FROM DATA OF R.$. BE VANS 
STATIC PRESSURE DOWNSTREAM OF ORIFICE -AIR TEMPERATURE 75 F* 




DIFFERENTIAL AIR PRESSURE, AP. - IN. NO. 

> A 

*AIR RATE CORRECTED FOR TEMPERATURE -W A ( A06 - 0.0008 <V) 
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APPENDIX F 



DATA iJtT CALCULaTIORS 
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APPENDIX G 

sample calculations 

Run 180 - Nozzle 5 Downstream with modified chamber exhaust 
piping. 

Calculate: (1) Fuel weight rate, (2) fuel velocity, (3) air 

weight rate, and (4) air velocity. 

Assume: (1) Compressible, steady state air flow in the 

constant area chamber. This assumption is valid 
for the maximum Mach number encountered, approxi- 
mately 0.6. 

(2) The temperature of the air preceding the air 
diffuser constant and equal to the temperature of 
the air in the chamber. The variation in tempera- 
ture preceding the diffuser in all runs was no 
greater than four degrees and the maximum tempera- 
ture difference between it and the chamber tem- 
perature was 10°F, this maximum occurring only at 
the highest air rate. To simplify tedious calcu- 
lations, a mean temperature of 95°F was used for 
all runs. The maximum error in air weight rate by 
this assumption was 7$ at the highest air rate, 
less for lower air rates. Since the use of Figure 
XXXV gave an error of approximately 5# » this as- 
sumption was justified. 
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Given: t a = 

Pf = 
Apf = 

A Pa s 
Pd = 

Po - 

*f = 
Di = 

AC r 

Solution: (1) 

(2) 



(3) 






(Cont'd) 



95F Ta = 555F abs. 

90 psi. 

4*0 in. hg. 

6.2 in. kg. 

11.5 in. kg. gage 

11.0 in. hg. gage Poa = 20.1 psia. 

0.83 gas. /ora. ^ 

0.023 in. Ai = 4.155 x 10” 4 in? for 

nozzle 5 Downstream 

1.0 in. 2 

With Apf - 4.0, enter curve, Figure XXXIV, 
read Wf = 1.08 gras. /sec. 



Vf = 



Wf 

a£ di 



= 1.08 gns. /sec. 

4.155 x 10-4 in?" 0.83 E£8 6#2f5 C m? o 0 , s cm. 

cmp is? it: 



- 15*9 ft. /sec. 



V/itk A Pa - 6.2 and Poa = 20.1 psia, enter 
curve, Figure XXXV, read Wa = 11.0 lb. /min. 

Wa (corrected for temperature) 

= Wa (1.06 - 0.0008 t a F) 

r 11.0 (1.06 - 0.008 r 95) 

= 10.81 lb. /min. 

10.81 lb. /min 453.6 gas. /lb . 
60 sec. /min. 



= 81.9 gras. /sec 
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SAMPLE CiiLOULATIONS 

(Cont'd) 



(4) With Pd = 11.5, enter curve, Figure XXXVI, 

modified chamber exhaust piping, read 

Po = 10.0 in. hg. gage. Pea = 19,6 psia. 

Then Va = where R is the gas 

“ ca iC constant for air r 

53.34 ft. lb. /lb. F abs. 



= 81.9 Iff; S3.»ff$6- b ,_ 



19.6 

in. 2 



1.0 in.' 



555 F abs. 
453. 6fjE- 



= 272 ft. /sec. 






, IYXXX t ©\r.'i '0 letfno , £.XX = M <ttiv (x) 

fWt ,' Cl.7.iq JawoA*® . c ./»ili5o:n 

.BitT <3.^X = o , 0 ^:, . •! ,f:l 0.0_v - o\ 

««3 3il J *'i IT ex#-*.* - fcV U^S? 

S *li- »IO*I CftltJaoOD °* ,i0 

.8d* ' .cfX\.<fI >c* C. 
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